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a b s t r a c t 
The ﬁrst experimental determination of the pull-off force for tungsten dust adhered to tungsten sur- 
faces is reported. Dust deposition is conducted with gas dynamics methods in a manner that mimics 
sticking as it occurs in the tokamak environment. Adhesion measurements are carried out with the elec- 
trostatic detachment method. The adhesion strength is systematically characterized for spherical micron 
dust of different sizes and planar surfaces of varying roughness. The experimental pull-off force is nearly 
two orders of magnitude smaller than the predictions of contact mechanics models, but in strong agree- 
ment with the Van der Waals formula. A theoretical interpretation is provided that invokes the effects of 
nanometer-scale surface roughness for stiff materials such as tungsten. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
It has been recently recognized that adhesion plays a pivotal
ole in various tokamak issues concerning dust [1,2] . For instance,
pon dust-wall mechanical impacts, adhesive work is responsible
or a signiﬁcant part of the overall dissipation of the normal dust
elocity component [3–5] . Moreover, during loss-of-vacuum acci-
ents, dust mobilization occurs when hydrodynamic forces over-
ome the net adhesive force [6,7] . Furthermore, under steady state
r transient plasma conditions, dust remobilization takes place
hen plasma-induced forces exceed the net adhesive force, also
nown as pull-off force [8,9] . Finally, the quantiﬁcation of the pull-
ff force is an essential step towards the development of in situ
ust removal techniques suitable for future fusion devices such as
TER [10] . Nevertheless, to date, there have been no pull-off force
easurements for reactor relevant materials. 
Experimental techniques that characterize the strength of
ust-surface adhesion are generally based on exerting a well-
nown force in a controlled environment until mobilization is ob-
erved [11] . The colloidal probe method of atomic force microscopy∗ Corresponding author. 
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Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.11.009 AFM) measures the cantilever deﬂection at the detachment in-
tant, which after careful calibration can be converted into a spring
orce [12,13] . The centrifuge detachment method employs the cen-
rifugal force arising from a rapidly rotating surface [14] . The elec-
rostatic detachment method employs the electrostatic force re-
ulting from the interaction between an externally imposed elec-
ric ﬁeld and the contact charge it induces on the conducting dust
urface [15] . The colloidal probe method is the most accurate, but
t involves single grain measurements and thus acquiring statistics
an be very time-consuming [11] . On the contrary, the centrifuge
nd electrostatic detachment methods are less precise but involve
ultiple simultaneous measurements. 
In this work we report on the ﬁrst pull-off force measurements
or tungsten dust adhered to tungsten surfaces carried out with the
lectrostatic detachment method. The dust grains were adhered to
he W surfaces in a manner that realistically mimics dust sticking
s it occurs in tokamaks [8] . The strength of adhesion has been
haracterized for different micrometer-range sizes of W dust de-
osited on W surfaces of varying roughness. Comparison with the-
ry revealed that contact mechanics models overestimate the pull-
ff force by nearly two orders of magnitude, whereas microscopic
an der Waals models provide pull-off force values very close to
he experimental. It is argued that this is the consequence of nano-
cale roughness; for stiff metals such as tungsten, even the small-nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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f  est departure from atomic smoothness can remarkably reduce the
surface energy due to the extremely short range of metallic bond-
ing. 
2. Theoretical aspects 
Different expressions for the sphere-plane pull-off force can
be derived by two complementary theoretical descriptions of the
contact of solid bodies. The microscopic description is applica-
ble to non-deformable solids and considers the overall effect of
Lennard–Jones type interactions [16] , neglecting chemical bonding.
On the other hand, the macroscopic description is applicable to de-
formable solids and only considers the effect of short-range forces
of chemical bonding nature in the contact zone. The macroscopic
description is more appropriate for atomically smooth, i.e. zero
roughness perfectly planar or spherical, solids. In what follows, we
provide a brief presentation of the microscopic and macroscopic
descriptions for smooth materials and discuss the multifaceted ef-
fects of surface roughness separately. 
In microscopic descriptions of the contact, the pull-off force
is calculated from simple balance considerations. When chemical
bonding is negligible, the pull-off force needs to counteract the
overall interaction between the instantaneously induced and / or
permanent multipoles inside the bodies, which constitutes the at-
tractive Van der Waals interaction. For a spherical dust grain of
radius R d in the proximity of a planar surface, the Van der Waals
force is given by [16] 
F VdW po = 
A 
6 z 2 
0 
R d , (1)
where z 0 (  R d ) is the distance of closest approach between the
two surfaces and A is known as the Hamaker constant. When con-
sidering the contact of two identical smooth metals, z 0 can be
assumed equal to the lattice parameter a (= 3 . 16 A˚ for W [17] ).
The Hamaker constant is generally calculated on the basis of the
Lifshitz continuum theory. For identical metals embedded in vac-
uum, neglecting the temperature-dependent entropic term and as-
suming a collisionless free electron permittivity (ω) = 1 − ω 2 pe /ω 2 
we acquire A  [3 / (16 
√ 
2 )] h¯ ω pe [18] . The plasma frequency of W
is ω pe ∼ 7 × 10 15 rad/s [19] leading to the estimate A ∼ 10 −19 J,
which is close to the value recommended in the literature A 
4 × 10 −19 J [16] . Note that the Van der Waals force is not impor-
tant for smooth metals in intimate contact ( z 0 = a ), since the in-
teraction due to metallic bonding (owing to the sharing of the de-
localized valence electrons) is dominant [20] . 
In macroscopic descriptions of the contact, the pull-off force is
calculated by the contact mechanics approach [21] . The interaction
strength is indirectly considered via the work of adhesion (per unit
area) deﬁned by γ = γ1 + γ2 − , where γ i denotes the surface
energy,  the interface energy and in the case of identical metals 
 0, γ  2 γ [22] . The surface energy is externally adopted either
from ﬁrst principle calculations [23] or from experiments [24] , for
tungsten γ = 4 . 36 J/m 2 . When ignoring plasticity, established con-
tact mechanics models, in spite of their different assumptions and
validity ranges, lead to a pull-off force of the form [25] 
F CMA po = ξa πγ R d , (2)
with 3/2 ≤ ξ a ≤ 2 a dimensionless coeﬃcient [26] . The Johnson–
Kendall–Roberts (JKR) theory leads to the coeﬃcient ξa = 3 / 2 [27] ,
whereas the Derjaguin–Muller–Toporov (DMT) theory leads to the
coeﬃcient ξa = 2 [28] . The aforementioned adopted value of γ in-
corporates metallic bonding in an automatic manner and the above
expression is appropriate for metals in intimate contact. We point
out that metallic forces are extremely short range and they can be
considered to be effectively zero already for distances larger than
1 nm [29] . Consequently, as metallic dust approaches a smoothPlease cite this article as: G. Riva et al., Adhesion measurements for tun
Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.11.009 etal surface, the interaction is initially of the Van der Waals type
nd switches to the metallic type, which is stronger by orders of
agnitude, only for distances close to the lattice parameter [29] . 
Surface roughness is known to signiﬁcantly modify the pull-off
orce. Its presence alters many aspects of the contact and its effects
an be categorized in the following manner: (I) Pure geometrical
ffects that occur due to changes in the local curvature of the bod-
es and their point-point separation. They have been considered
n microscopic descriptions by decomposing the interaction into a
ontact term with the spherical asperity and a non-contact term
ith the underlying plane, where the statistically varying asperity
arameters are expressed with the aid of measurable roughness
haracteristics [30,31] . (II) Deformation effects that occur due to
he existence of different asperity heights, which lead to a compe-
ition between the compressive elastic forces exerted by the higher
sperities and the adhesive forces exerted by the lower asperities.
he former tend to detach the contacting bodies, effectively reduc-
ng the pull-off force [22] . Such effects have been considered in
acroscopic descriptions by applying the JKR theory to individual
sperity micro-contacts, assuming a Gaussian distribution for their
eight with respect to the average plane and summing up the force
ontributions [32] . They can be expected to be important for stiff
aterials with large elastic moduli. Refractory metals are charac-
erized by a large Young’s modulus and tungsten, in particular, has
ne of the largest values, E  410 GPa in room temperature. (III)
ond switching effects that occur when the asperity dimensions
re larger than or comparable to the range of interatomic forces.
n this case, some parts of the bodies interact via weak Van der
aals forces and other parts of the bodies form strong chemical
onds. 
Even mirror-polished tungsten surfaces are characterized by
oot-mean square (rms) roughness R q that signiﬁcantly exceeds the
etallic bond range. Plasma exposed surfaces and tokamak-born
ust can be expected to have R q  1 nm. Therefore, we can safely
ssume that interaction via metallic bonding is limited in a very
mall fraction of the contact area and that it is further effectively
educed by deformation effects. This suggests that interaction via
an der Waals forces is dominant. Finally, for simplicity and as a
rude approximation, we can neglect pure geometrical effects and
mploy Eq. (1) for the pull-off force. 
. Experimental aspects 
The electrostatic detachment of micron-size metallic dust from
etallic surfaces requires the application of strong ﬁelds that may
ead to dielectric breakdown. Since low pressures can signiﬁcantly
ncrease the breakdown voltage, the experiments were conducted
nto a vacuum chamber with a pressure < 0.05Pa. This also elimi-
ates humidity, known to affect pull-off force measurements [25] .
he electrostatic ﬁeld was generated by two parallel electrodes, see
ig. 1 for a schematic representation. 
Electrostatic detachment . The conﬁguration can be idealized
s consisting of a rigid spherical conductor in contact with a
rounded plane in the presence of a uniform normal electrostatic
eld. For this geometry, the Laplace equation for the potential can
e analytically solved with the aid of degenerate bi-spherical coor-
inates. In cgs units, the contact charge of the sphere is given by
he expression Q d = −ζ (2) R 2 d E and the repelling normal electro-
tatic force acting on the sphere by F e = [(1 / 6) + ζ (3)] R 2 d E 2 , where
( · ) denotes Riemann’s zeta function [33] . The expression can be
ewritten as 
 e = kE 2 R 2 d (μN) , (3)
ith k = 1 . 52 × 10 −4 (μN mm 2 ) / ( kV 2 μm 2 ) , the ﬁeld expressed in
V/mm and the radius in μm. Owing to F e ∝ E 2 R 2 d and F po ∝ R d ,
orce balance leads to E ∝ 1 / 
√ 
R d for the electrostatic ﬁeld. Hence,gsten dust deposited on tungsten surfaces, Nuclear Materials and 
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Fig. 1. Simple schematic of the high-voltage system and the electrode composition 
for the pull-off force measurements. 
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Fig. 2. Size distributions for the three meshed spherical W dust sub-populations. 
The horizontal axis corresponds to the dust diameter D d . The most probable diam- 
eters are 5, 9 and 16 μm. The size distributions are approximately symmetric, hence 
the average diameters are nearly equal to the most probable diameters. 
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o  mall dust grains require larger mobilizing ﬁelds, which are not al-
ays possible to generate due to dielectric breakdown. 
Electrode preparation . The upper face of the bottom electrode
hould consist of pure tungsten. Due to metalworking diﬃculties,
t was not possible to manufacture full W electrodes of the ap-
ropriate geometry and alternative solutions had to be sought. (i)
our electrodes were constructed by coating the upper face of dif-
erent metal substrates (brass, copper, aluminum) with a W layer.
he ﬁlm was deposited by rf-diode argon plasma sputtering. A
hin titanium inter-layer (300 nm) was deposited to increase the
lm adhesion. In order to minimize well-known stress phenom-
na [35] , a multi-layer strategy was adopted, featuring alternating
rowth at low ( 8 × 10 −3 mbar) and high ( 3 × 10 −2 mbar) gas pres-
ures. The overall layer depth was ∼ 3.5 μm, thick enough to en-
ure that adhesive forces stem exclusively from W–W interactions.
ii) Three electrodes were constructed by inserting already avail-
ble small bulk W cylinders into hollow brass electrodes of the de-
ired dimensions. The roughness characteristics were controlled by
mplementing sandpapers of different grades. Meanwhile, the bot-
om face of the upper electrode was spray coated with an acrylic
ayer of ∼ 40 μm thickness. The presence of the insulating ﬁlm was
ecessary to restrict the amount of mobilized dust grains that re-
eposited on the bottom electrode, after impact and charge ex-
hange with the upper electrode [15] . The acrylic coating nearly
liminated this problem. 
Dust preparation & deposition . Spherical W dust with a nominal
ize distribution 5–25 μm (diameter) was supplied by TEKNA Ad-
anced Materials. Sub-populations with narrower size distributions
ere generated by a meshing method utilizing ultrasonic cells. The
ize distributions of the three sub-populations relevant for these
xperiments are illustrated in Fig. 2 . Their most probable diameters
re 5, 9 and 16 μm. The W dust was deposited on the upper face
f the bottom electrode, whose W surface was cleaned with a to-
al evaporation dry deoxidizer and compressed air. The deposition
as carried out with gas dynamics methods in a manner that real-
stically mimics dust sticking as it occurs in the tokamak environ-
ent. Adhesion was achieved by controlling the dust impact veloc-
ty below the sticking threshold [8,34] . See Ref. [8] for a detailed
escription of the device and the operation principle. To reduce the
umber of agglomerates, the mediated adhesion technique [8] was
mployed with 4 mm diameter plastic (delrin) spheres of 2 m/s im-
act velocity acting as dust carriers. 
Experimental procedure . After the dust deposition, the bottom
lectrode was mounted into the vacuum chamber. A pre-selected
igh voltage difference was applied to the electrodes and main-
ained. The mobilization activity was monitored by detecting the
ttenuation of a laser diode beam, focused above the dust spots.
rrespective of the information provided by this optical system,
he electric ﬁeld was cancelled after 6 min and the chamber wasPlease cite this article as: G. Riva et al., Adhesion measurements for tun
Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.11.009 pened. The bottom electrode was dismounted and images of the
ust spots were taken by a camera applied to an optical micro-
cope, typically with a 200 magniﬁcation factor. The bottom elec-
rode was mounted again and a slightly higher electric ﬁeld was
upplied. The same procedure was repeated until all dust grains
ad been removed or until the breakdown limit was reached. The
lectric ﬁeld steps were not constant, they generally ranged from
 to 5 kV/mm. 
. Experimental results 
The dust spot images corresponding to adjacent electrostatic
eld strengths are overlaid with the aid of software and the num-
er of grains mobilized during each exposure is determined. Two
atasets are built: one only considering mobilization of isolated
ust, one considering mobilization of all grains in direct contact
ith the substrate including small clusters provided that they do
ot contain grains elevated with respect to the substrate surface
the latter generally identiﬁable as they appear unfocused). In this
ork, only results concerning isolated dust are reported, as the
wo datasets provide similar qualitative information. 
By image superposition, we can acquire the immobile dust
raction as a function of the applied electrostatic ﬁeld. A charac-
eristic example is provided in Fig. 3 . Ideally, this graph should
ave the form of a step function with the discontinuity located
t the unique electric ﬁeld solution of the force balance equa-
ion F e (E, R d ) = F po (R d ) . The sources of the deviations from the
tep function are the following; (i) Unavoidable randomness due
o the smallness of the contact area combined with the presence
f roughness. A small number of asperities can ﬁt within any con-
act area, which implies that the geometrical characteristics of the
sperities cannot be represented by their averages. (ii) Uncertain-
ies in the dust radii due to the spread of the size distributions.
iii) Uncertainties in the electrostatic force due to the fact that the
pplied voltage difference increases in discrete steps. (iv) Small un-
ertainties in the contact area due to plasticity effects during the
mpact, which increase the local curvature radius from its nomi-
al R d value [8] . For mediated adhesion, the dust impact velocity is
enerally smaller than the dust carrier velocity. Plastic deformation
s statistically distributed. (v) Small uncertainties in the mobilizing
orce, due to electrostatic interactions between the contact-charged
ust grains. 
Due to the aforementioned uncertainties, the experimental pull-
ff force will be statistically distributed. We denote the total num-gsten dust deposited on tungsten surfaces, Nuclear Materials and 
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Table 1 
Summary of pull-off force measurements by electrostatic detachment for spherical W dust adhered to W surfaces. Total 
of 19 sets of measurements carried out with 7 different substrates and 3 different dust sub-populations. 
Substrate Substrate Most Number of F e range Immobile Maximum Average 
composition roughness probable isolated 20% − 80% dust electric pull-off
R q diameter dust mobilization fraction ﬁeld F¯ po 
(nm) (μm) grains (μN) (%) (kV/mm) (μN) 
W coated brass 
619 
9 85 0 .11–2.08 13 36 0 .71 
(3 .6 μm thickness) 9 148 0 .20–2.08 6 36 1 .11 
W coated brass 
76 
9 20 0 .05–0.79 10 18 0 .45 
(3 .6 μm thickness) 9 92 0 .25–1.49 8 36 0 .82 
W coated Cu 
33 
9 243 1 .36–3.77 17 36 2 .49 
(3 .5 μm thickness) 9 271 0 .31–1.36 0 .4 36 1 .00 
W coated Al 
20 
9 61 1 .11–2.24 10 36 1 .87 
(3 .5 μm thickness) 9 351 1 .36–2.77 3 36 2 .32 
Bulk W insert in 
104 
16 42 2 .81–5.60 7 40 4 .82 
hollow brass 9 194 1 .11–5.69 18 44 2 .54 
electrode (polished) 5 290 0 .31–3.42 29 60 0 .72 
Bulk W insert 
100 
16 216 2 .49–7.63 3 40 5 .47 
in hollow 9 516 1 .11–3.15 4 45 2 .57 
brass electrode 5 930 1 .52–2.87 60 55 1 .74 
(polished) 5 430 0 .50–2.87 65 55 0 .69 
Bulk W insert 
32 
16 140 2 .49–9.35 4 44 6 .63 
in hollow 9 661 1 .63–4.21 4 50 3 .19 
brass electrode 5 1078 0 .59–3.89 17 67 1 .63 
(polished) 5 1093 0 .64–4.26 36 67 1 .20 
Fig. 3. Characteristic experimental output featuring the fraction of isolated dust 
grains that remain immobile as a function of the applied electrostatic ﬁeld strength. 
Results for a bulk tungsten substrate of R q = 32 nm and all three W dust sub- 
populations (corresponding to the last four rows of Table 1 ). 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. The adhesion strength for spherical W dust of various sizes deposited on 
planar W substrates (bulk or coated) of varying roughness. The weighted average 
pull-off force for each measurement set, the set averaged pull-off force and the the- 
oretical pull-off force due to Van der Waals interactions as a function of the dust 
radius. 
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s  ber of isolated dust grains by N , the total number of measurements
by M and the most probable dust size by R d, p . During the i th
measurement, let N i be the number of detached dust grains and
F e ,i = kR 2 d , p E 2 i the electrostatic force. The weighted average pull-off
force will be given by 
F¯ po = 
M ∑ 
i =1 
[ (
N i 
N 
)
kR 2 d , p E 
2 
i 
] 
/ 
M ∑ 
i =1 
(
N i 
N 
)
. (4)
In case the maximum electrostatic ﬁeld achieved before dielectric
breakdown suﬃced to mobilize all dust grains, the denominator is
equal to unity. In case some dust grains remained immobile, the
denominator is smaller than unity and increases the value of the
weighted sum. Therefore, the inclusion of the denominator com-
pensates for the lack of strong ﬁeld measurements. The weighted
average is an accurate representation of the experimental pull-off
force, provided that there is a small immobile dust fraction re-
maining after breakdown. Since this is not satisﬁed for the 5 μmPlease cite this article as: G. Riva et al., Adhesion measurements for tun
Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.11.009 ust, the resulting F¯ po should treated with caution. The experimen-
al results are summarized in Table 1 . 
Averaging over all the sets of measurements (for both the bulk
nd the coated W substrates), we can obtain a unique value for
¯¯
 po (R d ) that represents the experimental data for each size regard-
ess of the surface roughness, see the data points that are illus-
rated by green stars in Fig. 4 . For R d = 2 . 5 μm; we acquire the
alue 1.20 μN, the Van der Waals result is 1.67 μN, the JKR the-
ry yields 102.7 μN and the DMT theory yields 137 μN. For R d =
 . 5 μm; we acquire 1.73 μN, the Van der Waals result is 3.00 μN,
he JKR theory yields 184.9 μN and the DMT theory yields 246.6 μN.
or R d = 8 μm; we acquire 5.64 μN, the Van der Waals result is
.34 μN, the JKR theory yields 328.7 μN and the DMT theory yields
38.3 μN. Therefore, the contact mechanics approach values are ap-
roximately two orders of magnitude larger than the measure-
ents, while the Van der Waals values lie very close to the mea-
urements. Heuristically, it can be stated that the effective surfacegsten dust deposited on tungsten surfaces, Nuclear Materials and 
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Fig. 5. (Main) The adhesion strength for spherical W dust of various sizes deposited 
on planar bulk W substrates of varying roughness. The weighted average pull-off
force for each measurement set, the set averaged pull-off force and the theoretical 
pull-off force due to Van der Waals interactions as a function of the dust radius. 
(Insert) Same as the main ﬁgure, but for planar coated W substrates. 
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[nergy of the real system is much smaller than the thermody-
amic surface energy. In fact, by combining Eqs. (1) and (2) with
a = 3 / 2 for the JKR theory we can deﬁne the effective surface en-
rgy γeff = A/ (18 πz 2 0 ) . This results to γ eff  0.071 J/m 2 , which is
maller than γth = 4 . 36 J/m 2 by a factor of 60. It is important to
oint out that other experimental studies have also indicated that
eff  γ th [13] . The microscopic mechanism that leads to this dif-
erence has been discussed in Section 2 . 
Inspecting Fig. 4 and Table 1 , it is evident that the measured
ull-off force for W coated substrates is systematically lower than
he pull-off force for bulk W substrates as well as that it ex-
ibits stronger ﬂuctuations which are uncorrelated with the sub-
trate roughness. Our W coatings demonstrated a columnar mi-
rostructure as expected for metal coatings deposited under low
datom mobility conditions and were characterized by a low
orosity [36] . However, the mass density of pure W coatings is be-
ow 15.5 g/cm 3 [37] , less than the nominal 19.25 g/cm 3 of bulk W
t room temperature. Furthermore, energy dispersive spectrometry
EDS) revealed an oxygen content ∼ 5%, which implies the pres-
nce of small amounts of W oxide with mass density below ∼
 g/cm 3 [38] . Thus, it can be assumed that the coating mass den-
ity is roughly half of the nominal bulk mass density. The conven-
ional Hamaker constant for two different materials has the gen-
ral form A = π2 C n 1 n 2 [16] , where n i denotes the atoms’ number
ensity in the interacting bodies that is proportional to their mass
ensity. Therefore, the Hamaker constant corresponding to the W
ust - W coated substrate system is roughly A  2 × 10 −19 J. The
verage experimental pull-off force for W dust deposited on bulk
 substrates displays a remarkable agreement with the Van der
aals force for A = 4 × 10 −19 J (see Fig. 5 ), whereas for W dust de-
osited on W coated substrates it displays a strong agreement with
an der Waals for A = 2 × 10 −19 J (see Fig. 5 insert). Based on this,
t is also possible that the Hamaker constant for W dust adhered
o plasma exposed W surfaces is lower than the nominal, but this
hould be veriﬁed by experiments. 
. Summary and future work 
The pull-off force for micron spherical tungsten dust adhered to
lanar tungsten (bulk or coated) surfaces has been measured with
he electrostatic detachment method. The experiments display sat-
sfactory agreement with the Van der Waals force for a distance
f closest approach equal to the lattice parameter 3.16 A˚ and thePlease cite this article as: G. Riva et al., Adhesion measurements for tun
Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.11.009 ecommended value of the Hamaker constant 4 × 10 −19 J, which
ecomes excellent when considering only bulk substrates. Results
lso reveal that the pull-off force is approximately two orders
f magnitude less than the predictions of contact mechanics ap-
roaches (JKR and DMT theory), as expected by a qualitative anal-
sis of the contact of rough stiff materials. 
The latter observation has important implications for dust
emobilization under steady state or transient plasma condi-
ions [8,9] . Systematic cross-machine investigations of dust remo-
ilization have revealed that adhered micron-size W grains can
arely exhibit an intense remobilization activity (even exceeding
0%) [8] . In that work, JKR theory was employed to demonstrate
hat adhesive forces are at least two orders of magnitude stronger
han plasma-induced forces and, in light of the experimental re-
ults, a number of possible mechanisms were sought to explain
he observed remobilization. One of the proposed mechanisms
oncerned the decrease of the pull-off force by orders of mag-
itude from its nominal JKR value owing to omnipresent nano-
cale roughness. Our measurements clearly support this mecha-
ism. More important, they also constitute input for theoretical
odels of dust remobilization. 
In the present work, due to the inherent uncertainties of the
lectrostatic detachment method and the lack of surface roughness
easurements for the dust grains, it was not possible to quantify
he effect of varying rms roughness on the pull-off force. Future
ork will focus on more precise pull-off force measurements with
he AFM colloidal probe method, which should also allow for an
nvestigation of the roughness dependence. 
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